ABSTRACT
INTRODUCTION

22
The goal of translation initiation is to assemble the ribosomal initiation complex containing the methionyl initiator model of mRNA recruitment suggests that eIF4A -localized to the 5'-end via the eIF4G-eIF4E-5'-m 7 G-cap chain of 8 Lorsch and Herschlag, 1998a, 1998b) . Several studies demonstrated that eIF4A is able to disrupt short RNA duplexes 
6
We first compared the kinetics of recruitment for RPL41A with CAA 50-mer in the presence and absence of 7 ATP (Figure 1 ). In the presence of saturating ATP, the rate of recruitment of RPL41A was 0.74 ± 0.01 min -1 with an 8 endpoint in excess of 90%. In contrast, in the presence of ADP, and in reactions lacking either nucleotide or eIF4A, less 9 than 20% of RPL41A mRNA was recruited after 6 hours, indicating a dramatically lower rate that could not be 10 measured accurately due to the low reaction endpoint ( Figure 1A ,C). The CAA 50-mer was recruited in the absence of
11
eIF4A and ATP at rates of about 0.90 min -1 , likely due to lack of significant structure, reaching endpoints around 80%.
12 Surprisingly, the addition of eIF4A and ATP stimulated the rate of recruitment of the CAA 50-mer by more than 4-fold PICs were saturated by eIF4A ( Figure 2B ) and could not provide as much of a rate increase when normalized to the rate 14 of eIF4A alone at that concentration.
16
The PIC and eIF4G•4E stimulate eIF4A via distinct mechanisms 
17
Having observed that the PIC increases the rate of eIF4A-catalyzed ATP hydrolysis at saturating levels of ATP 18 and mRNA, we next investigated the effects of the PIC and eIF4G•4E on the ATP-dependence of the reaction. As 19 before, we measured ATPase activity in the presence and absence of the PIC but here performed experiments with 20 saturating capped RPL41A mRNA (0.5 µM) and instead varied the ATP concentration to determine the maximal 21 velocity of ATP hydrolysis at saturating ATP levels (Vmax) and the concentration of ATP required to achieve half-22 maximal velocity (! ! !"# ) ( Figure 2C ). In the absence of the PIC and other initiation factors, eIF4A alone hydrolyzed ! ! !"# . In contrast, adding only the 40S and TC to eIF4F did not provide a significant increase in the rate of ATPase as containing all other components resulted in ≥ 67-fold decrease in the rate of ATPase (to the limit of detection of the 4 assay), ruling out any significant ATPase contamination in either the PIC components or other initiation factors ( Figure   5 2C, "-4A").
6
We next asked if the PIC could stimulate eIF4A ATPase directly, in the absence of eIF4G•4E. Addition of the
7
PIC to eIF4A, in the absence of eIF4G•4E, resulted in a 6-fold increase in Vmax over eIF4A alone ( Figure 2C , "4A alone" vs. "-4G, -4E") and a ! ! !"# that was ~1.5-fold lower than that with eIF4A alone. eIF4G is thought to juxtapose 
18
To further dissect the functional interactions among eIF4A, eIF4G•4E, and the PIC, we next measured Vmax
19
and ! ! !"# in the absence of each of the PIC components. Leaving out tRNAi or eIF2 decreased the Vmax by ~2-fold -majority of PIC constituents. The changes in ! ! !"# could be due to conformational differences in eIF4A in the absence 1 of PIC components or changes in the rate-limiting step for ATP hydrolysis (Fersht, 1999 
11
µM/min and 170 ± 12 µM, respectively, which were similar to those observed in the absence of the entire eIF3 ( Figure   12 2C, "-3" vs. "-3g, -3i"). Thus, although the heterotrimeric eIF3a,b,c subcomplex binds to the PIC under our 
15
Having found that the PIC can stimulate eIF4A ATPase activity in the absence of eIF4G•4E ( Figure 2C ), we
16
next asked which PIC components are critical for this independent stimulatory mechanism. Eliminating the 40S subunit, 17 eIF2, eIF3, or the g and i subunits of eIF3 in the absence of eIF4G•4E abrogated all stimulation of ATPase activity,
18
yielding Vmax values the same as observed with eIF4A alone (~3 µM/min -1 ) ( Figure 2D ). The ! ! !"# values were also 19 similar to the values observed with eIF4A alone or when just eIF4G•4E was missing from the PIC (~1600 µM, Figure   20 2D). Taken together, these data suggest that stimulation of the ATPase activity of eIF4A, in the absence of eIF4G•4E,
21
requires multiple components of the PIC. In the presence of eIF4G•4E, the combined absence of the 40S subunit and 22 either eIF2 or eIF3 yielded ! ! !"# and Vmax values that were comparable to those obtained in the presence of the 40S 23 subunit when only eIF2 or eIF3 were left out of the reaction, as well as to reactions in which just the 40S subunit was 24 omitted ( Figure 2D compare "-2, -40S" and "-3, -40S" to Figure 2C "-40S," "-2" and "-3"), suggesting that the 25 stimulatory effects of eIF2, eIF3 and the 40S subunit are interdependent and largely reflect the 40S-bound
26
conformations of the factors. It may be noteworthy, however, that the omission of eIF3 or its g and i subunits 27 consistently has a slightly larger effect on the Vmax of ATP hydrolysis in the presence of eIF4G•4E and other
28
components of the PIC than does omission of the 40S subunit or eIF2 ( Figure 2C , compare "-3" and "-3g, -3i" to "-40S" and "-2"; Figure 2D , compare "-3, -40S" to "-2, -40S"). This observation suggests that eIF3 might provide a small 1 amount of stimulation of eIF4F's ATPase in the absence of a fully assembled PIC, but in a manner that depends on one 2 or more additional factors.
4
The PIC stimulates ATP hydrolysis by eIF4F in the presence of limiting amounts of either a structured natural 5 mRNA or a short unstructured model mRNA
6
Our initial observation that eIF4A stimulates the recruitment of both the natural RPL41A mRNA and the 7 unstructured CAA 50-mer model mRNA was made under conditions of limiting mRNA, whereas our experiments 8 investigating the stimulation of eIF4A ATPase by the PIC and other initiation factors were performed at saturating 9 mRNA levels and higher factor concentrations to ensure PIC formation even in the absence of multiple components.
10
To confirm that the PIC stimulation of eIF4A's ATPase activity is maintained at limiting mRNA levels, we monitored
11
ATP hydrolysis by eIF4A (in the context of the eIF4F complex) in the presence or absence of the PIC (30nM PIC,
12
when present, the same conditions as in Figure 1 ), using limiting (15 nM) capped RPL41A or capped CAA 50-mer. As
13
under saturating mRNA conditions, addition of the PIC increased the Vmax approximately 4-fold in the presence of both 14 the natural RPL41A and the unstructured CAA 50-mer mRNAs, as compared to eIF4F alone ( Figure 2E ). Thus, the
15
PIC stimulates eIF4A activity under conditions where eIF4A promotes PIC recruitment of both native and unstructured model mRNAs. Also, the ! ! !"# was ~3-fold higher than observed with saturating mRNA and 0.5 µM PIC (compare Figure 2E and 2C, blue bars). Considering that eIF4A binds RNA and ATP cooperatively (Lorsch and Herschlag, 18 1998b), perhaps the mRNA was sub-saturating for eIF4A binding at the lower concentration (15 nM) employed in the 19 current experiments ( Figure 2E ), which imposed a requirement for higher ATP concentrations to saturate ATP binding.
20
In contrast to the other PIC components, we did not observe an effect on the Vmax of eIF4A ATPase by 21 omitting eIF5. Similarly, leaving out eIF4B, in the presence or absence of the PIC, had no effect on Vmax for ATP 
11
Methods). We measured the recruitment kinetics for each mRNA as a function of eIF4A (as described above; see
12
"mRNA Recruitment Assay" in Methods) and determined the maximal rate (kmax) and concentration of eIF4A required 
14
Using an eIF4A concentration determined to be at, or close to, saturation for all ten mRNAs (5 µM, as of recruitment of RPL41A revealed that recruitment proceeds two orders of magnitude more rapidly in the presence of 23 saturating levels of eIF4A versus in the absence of eIF4A ( Figure 3D ).
24
Consistent with our observation that the unstructured CAA 50-mer mRNA is efficiently recruited even in the 25 absence of ATP, we observed 74 ± 1 % recruitment of this mRNA in the absence of eIF4A ( Figure 3A -B, RNA 1, red 26 bar). Nonetheless, the addition of saturating eIF4A increased the extent of recruitment to 87 ± 1 % ( Figure 3A -B, RNA extent, saturating eIF4A accelerated the rate of CAA 50-mer recruitment, yielding a kmax of 6.2 ± 1.0 min -1 ( Figure 3C ), a 1 more than 7-fold increase ( Figure 3D ) as compared to the rate of CAA 50-mer recruitment in the absence of eIF4A (0.9 2 ± 0.1 min -1 ). Relative to RPL41A mRNA, this acceleration is achieved at lower levels of eIF4A (! !/! !"#!! of 0.70 ± 0.2 3 µM vs. 3.7 ± 1.0 µM with RPL41A; Figure 3 -figure supplement 1B,E).
4
To compare the CAA 50-mer with a longer mRNA, we increased the total mRNA length to 250 nucleotides
5
(250-mer) by adding 200 nucleotides of CAA repeats downstream of the AUG ( Figure 3A , RNA 2). In the absence of 6 eIF4A, we observed 66 ± 10 % extent of recruitment, comparable to that seen for the CAA 50-mer in the absence of Importantly, eIF4A strongly stimulated the rate of recruitment of this mRNA, in this case by 13-fold ( Figure 3D ). 
17
CAA-repeat mRNAs that we studied can be recruited by the PIC at appreciable levels independently of eIF4A, but 18 eIF4A stimulates their rates of recruitment by roughly an order of magnitude.
19
To probe the effects of defined, stable secondary structures on the functioning of eIF4A in mRNA 
11
Moreover, the observation that these hairpins in the 5'-UTR actually decrease the enhancement of the rate of mRNA 
18
To probe further the effects of RNA structural complexity on mRNA recruitment and eIF4A function, we 19 examined a chimeric mRNA comprising CAA-repeats in the 5'-UTR and the natural sequence (with associated structural 20 complexity) from RPL41A 3' of the AUG start codon ( Figure 3A , RNA 7). In the absence of eIF4A, this mRNA was 21 recruited to the PIC with an observed rate of 0.06 ± 0.01 min -1 , which is significantly slower than for RNAs 1-6 (~0.2-22 0.9 min -1 ), but faster than the rate for full-length RPL41A mRNA, which could not be determined due to its low 
17
(RNA 7) on their own have 2-3-fold effects on kmax relative to the unstructured RNA 4, whereas combining them
18
(RNAs 8 and 9) produces a ≥30-fold effect. These data indicate that structures in both regions synergistically inhibit the 19 rate of mRNA recruitment. This synergy is also reflected in the dramatically reduced recruitment endpoints of RNAs 8-9
20
seen in the absence of eIF4A ( Figure 3A ,B, red bars; RNAs 4-7 vs. 8-9). The fact that eIF4A restores recruitment of 21 these RNAs ( Figure 3B , RNAs 8-9, black bars), albeit at relatively low recruitment rates, indicates that eIF4A can eventually resolve the synergistic inhibition produced by structures in the 5' and 3' segments of these messages. It is 23 noteworthy, however, that eIF4A gives considerably larger rate enhancements for the mRNAs harboring only native
24
RPL41A sequences (RNAs 7 and 10) than those burdened with synthetic hairpins (RNAs 5-6 and 8-9), suggesting that 25 eIF4A is better able to resolve the complex array of relatively less stable structures in RPL41A compared to a highly 26 stable local structure in the 5'-UTR.
28
The 5'-7-methylguanosine cap imposes an eIF4A requirement for structured and unstructured mRNAs 
5
As before, we monitored the kinetics of mRNA recruitment (30 nM PIC conditions) at various concentrations of eIF4A 6 with capped or uncapped versions of mRNAs described above, including RNA 1 (CAA 50-mer), RNA 4 (CAA 250- Figure 4B , the kmax observed with saturating eIF4A was comparable with or without 9 the 5'-cap for RNAs 1 and 7, and was 1.5-fold lower with the cap than without it for RNA 4. In contrast, in the absence 10 of eIF4A, the rates of recruitment for uncapped versions of the unstructured model mRNAs 1 and 4 were 3.7-and 2.5-
11
fold higher, respectively, than the rates of the corresponding 5'-capped mRNAs (Figure 4 ). This effect was even more
12
pronounced for RNA 7, containing natural mRNA sequence 3' of the AUG, which was recruited 15-fold faster when 13 uncapped versus capped in the absence of eIF4A. It is also noteworthy that the rate enhancement provided by eIF4A recruitment via threading of the 5'-end into the 40S entry channel in a manner dependent on eIF4A, eIF4G, and eIF3.
18
The PIC stimulates eIF4A and eIF4F ATPase activity
19
In the prevailing model of mRNA recruitment, eIF4F is localized to the 5'-end of the mRNA via the eIF4E-
20
cap interaction, where it collaborates with eIF4B to unwind the mRNA. Consistent with this model, eIF4G and eIF4B
21
were the only proteins known to stimulate eIF4A activity in translation initiation (Hinnebusch, 2014; Mitchell et al.,
. And yet, given the natural propensity of an mRNA to form structure it is difficult to envision how an mRNA 
15
The latter results suggested that eIF4A functions in loading all mRNAs onto the PIC independent of their 5'-UTR 16 structures. Our observation that eIF4A accelerates the recruitment not just of the natural RPL41A mRNA and model mRNAs containing secondary structures in their 5'-ends, but also of unstructured mRNAs comprising CAA repeats, 18 supports this proposal.
19
It is possible that eIF4A, in addition to alleviating structure in mRNA (see below), also plays a role in directing 
6
Global mRNA structure, not just structure in the 5'-UTR, inhibits mRNA recruitment
7
We observed that addition of native RPL41A mRNA sequences 3' of the start codon inhibits recruitment of 
22
Perspectives
23
The work presented here addresses the apparent contradiction between the fact that eIF4A is an essential Affymetrix. [α-32 P]-GTP was from PerkinElmer (product BLU006H250UC). ATP-γ-S, ADPCP, and ADPNP (products 2 A1388, M7510, and A2647, respectively), S-adenosyl methionine (SAM) (product A7007), and the pyruvate kinase (900-3 1400 units/mL)/lactate dehydrogenase (600-1000 units/mL) mix from rabbit muscle (product P0294) were from Sigma.
4
NADH disodium salt was from Calbiochem (product 481913). Phosphoenolpyruvate potassium salt was purchased
5
from Chem Impex International, Inc. (product 09711). RiboLock RNase inhibitor was from Thermo Fisher Scientific
6
(product EO0381). The RNeasy RNA purification kit was purchased from Qiagen (product 74106). Exonuclease T was 7 purchased from New England Biolabs (product M0265S). The Abnova Small RNA Marker was purchased from Abnova 8 (product number R0007). SYBR Gold nucleic acid gel stain (product S11494) and Novex 15% TBE-Urea gels (product 9 EC68852BOX) were purchased from Thermo Fisher Scientific. Corning 384-well plates were purchased from VWR
10
(product 3544). 
26
recruitment when the reaction is saturated by the factor titrated (e.g. eIF4A), K1/2 is the concentration of the factor required to achieve ½Vmax, and b is the rate in the absence of the titrated factor (i.e., the y-intercept).
NADH-coupled ATPase Assay
1
The NADH-coupled ATPase assay was adapted from previously described methods with some modifications 
Note that the absolute value of m (|m|) was used because the slope is a negative value due to loss of absorbance over 10 time. NADH consumed is stoichiometric with ATP regenerated thus, mM NADH/min = mM ATP/min.
12
"30 nM PIC:" 12 µl reactions (final volume) were at the same final concentrations as described above in the mRNA
13
Recruitment Assay section: 500 nM GDPNP•Mg 2+ , 300 nM eIF2, 300 nM Met-tRNAi, 1 µM eIF1, 1 µM eIF1A, 30 nM Subsequently, the PICs were combined with the Reporter Mix (added as a 10x stock of the final concentrations all in 1x
Recon buffer) resulting in concentrations in the final reaction of 2.5 mM phosphoenolpyruvate, 1 mM NADH, and a
18
1/250 dilution of the pyruvate kinase (600-1,000 units/mL) and lactate dehydrogenase (900-1400 units/mL) mix
19
(PK/LDH mix). Reactions were brought up to volume with 1x Recon buffer, such that when they were initiated by measurements by the plate reader has no effect on the results. Initiating the reactions using an injection, capable of 26 monitoring rapid kinetics did not reveal any different results; i.e., there was no evidence of a "burst" phase in the initial observed rate of ATP hydrolysis (Figure 2 -figure supplement 1A) , indicating that the rate of NADH oxidation is not 1 limited by PK/LDH activity. Also, when ATP, eIF4A, or PK/LDH was absent from the reaction, there was no change 2 in absorbance at 340 nm over 1 hour.
3 4 "0.5 µM PIC:" Reactions were carried out identically as described in the "30 nM PIC" above except the concentrations in 5 the final reaction were as follows: 1 mM GDPNP•Mg 2+ , 500 nM eIF2, 500 nM Met-tRNAi, 1 µM eIF1, 1 µM eIF1A, 6 500 nM 40S ribosomal subunits, 500 nM eIF3, 5 µM eIF4A, 500 nM eIF4G•4E, 500 nM eIF4B, 500 nM eIF5, 5 mM 7 ATP•Mg 2+ , 500 nM mRNA, and 1 U/µl RiboLock RNase inhibitor.
9
Exonuclease T RNA Digest
10
In a 20 µl reaction 0.5 pmol/µl of RNA was incubated with 0.75 U/µl of RNase Exonuclease T in 1x NEB buffer 4 at
11
26°C for 18 hours. RNA (4 pmol total RNA per lane) was loaded and resolved on a Novex 15% Tris Borate EDTA
12
Urea gel and stained with SYBR Gold nucleic acid gel stain, diluted 1/10,000, for 5 minutes and visualized on a General
13
Electric Typhoon FLA 9500.
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